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Abstract 
Unlike most of renewable energy technologies, solar thermal power plants with integrated thermal energy storage are 
able to store heat from the sun and thereby supply electricity whenever it is needed to meet the demand. This attribute 
makes concentrating solar power ideally suited to compensate for fluctuations in other renewable energy sources. In 
order to analyze this market role, three scenarios were modeled, with low, medium and high penetrations of non-
dispatchable renewables (i.e. wind and solar photovoltaics). The demand that cannot be met by these variable sources 
is met by a solar thermal power plant with heat provided either by a solar field and storage system or a back-up gas 
burner. For each scenario, the size of the solar field and storage were varied in order to show the trade-off between 
the levelized generation costs of the system, the annual specific CO2 emissions and the share of renewable electricity 
generation. The results show that, regardless of the scenario, there exist optimum plant configurations with viable 
costs whilst simultaneously ensuring a considerable reduction in CO2 emissions. Furthermore, it is shown that the 
limited flexibility of the power block prevents the system from reaching higher levels of sustainability. Lastly, the 
results were compared with an equivalent combined cycle power plant, showing that solutions involving solar 
thermal power can be justified in environmental terms only if large storage units are integrated into the plants.  
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1. Introduction 
Worldwide electricity demand is expected to increase rapidly in the coming decades. Furthermore, 
unstable oil prices and the threat of global warming have prompted governments to seek sustainable 
means of generating electricity. This is the case for the EU, where a target of 20% renewable electricity 
 
* Corresponding author. Tel.: +46-(0)-8-790-8643 
E-mail address: rafael.guedez@energy.kth.se. 
© 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and/or peer-review under responsibility of ISES.
542   Rafael Guédez et al. /  Energy Procedia  57 ( 2014 )  541 – 550 
production by 2020 has been set for all member countries [1]. However, an important drawback of most 
renewable energies is their uncontrollable nature, which results from the variability of the resource. This 
is not the case for solar thermal power plants (STPPs), which are able to integrate thermal energy storage 
(TES), both enhancing their productivity and improving the capacity factor. These TES units allow the 
plant to store solar heat, which can either be used to continue production during solar transients, or shift 
electricity generation to times of peak demand. At the current time, STPPs are the only dispatchable 
renewable energy technology that has achieved widespread deployment [2]. The dispatchable nature of 
STPPs makes them ideally suited to complement other non-controllable renewables, using a combination 
of TES and hybridization to guarantee supply. The most promising STPP concept for this application 
would appear to be the molten salt solar tower system, as its higher operating temperature and direct TES 
system allow increased power plant efficiencies and reduced costs for the TES system [3].  
Many previous studies have examined the value of TES in STPPs. However, the majority of studies 
focused simply on the effects of TES-integration on the economics of electricity production [4] [5], or the 
increase in power plant capacity factor [6]. This study aims to highlight the value of STPPs with 
integrated TES units when simultaneously meeting demand and compensating for fluctuations in other 
renewable technologies. Market roles for STPPs in the United States have been examined in detail by 
Denholm et al. [7]; this study highlighted the variability of the output from solar photovoltaic (PV) plants 
and how STPPs with TES can cover a significant fraction of this un-met demand. However, a very 
simplistic model of the STPP was used, which limited the range of designs that could be considered. This 
study will build on previous results by performing a more detailed analysis of the design and operation of 
the STPP. Trade-offs between the levelized generation costs (LGC) of the system, the annual specific 
carbon dioxide (CO2) emissions and the share of renewable electricity generation will be examined as a 
function of the solar field (SF) size and TES capacity for systems with different penetrations of variable 
renewables. In this way, optimal configurations can be identified for different market scenarios. 
2. Study Case and System Scenarios 
In order to highlight the value of STPPs with TES in markets with high degree of penetration of 
variable renewables, three scenarios have been considered for a specific electricity generation system. 
2.1. Location of Study: Meteorological Conditions and Electricity Demand Data 
The island of Mallorca in Spain was chosen for the location of the study. The selection of an island 
was considered particularly appropriate as it represents a feasible scenario in which an isolated electricity 
network would achieve a large integration of renewables. The choice of Spain is also based on the fact 
that the renewable technologies considered in this study represent a significant fraction of the electricity 
generation in this country [1] [8]. Moreover, Spain is the only country to have successfully demonstrated 
the molten salt central tower technology with two-tank storage [9], upon which this work is based. All the 
required meteorological data for the location was obtained from the Meteonorm dataset [10]. Demand 
data for Mallorca in the year 2012 was derived by scaling the total Spanish generation by a factor of 10-2, 
based on the relative population of Mallorca and the total population of Spain (with generation obtained 
from [11]). With these assumptions, peak demand for the island was found to be equal to 398MW.  
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2.2. Fluctuating Renewable Energies Penetration Scenarios for System Analysis 
Three different market scenarios were modeled, with low, medium and high penetrations of non-
dispatchable renewable energy sources referred as fluctuating renewables (FRs) onwards. The level of 
integration was determined based on the total installed capacity of each technology, as shown in Table 1, 
where ICwind and ICPV stand for the installed capacity of wind and solar PV respectively, and %Dmax is the 
total percentage of installed FRs with respect to the peak demand. The assumption of having higher 
installed capacity for wind over PV was based on current cost estimations for such technologies [12].  
Table 1 Main characteristics of the scenarios defined in the study 
Scenarios for Penetration of PV-Wind Systems %Dmax ICwind [MW] ICPV [MW] 
Scenario 1: Low integration level 15 % 40 20 
Scenario 2: Medium integration level 50 % 120 80 
Scenario 3: High integration level 85 % 200 140 
 
Regardless of the degree of penetration of FRs residual demand remains, leaving thus a need for 
additional dispatchable capacity, able to generate electricity at times of low output from the FRs systems. 
STPPs with TES are ideally suited to fill this role, as they are able to shift production from times of high 
solar input to times when electricity is needed. Moreover, with an additional back-up gas-burner, STPPs 
can guarantee electricity production, independently of the current or past meteorological conditions. 
2.3. System Power Generation Modes 
When considering the entire system, the operation of the STPP depends upon the output from the other 
FR technologies, as well as the current level of demand. Four generation modes (GMs) can be identified, 
which are described in Table 2. The key assumption is that production from FRs should be prioritized, 
and the STPP used only to meet the residual demand. Besides, it is assumed the load of the STPP cannot 
be reduced below 30%, based on typical values for the minimum turn down-of steam power plants [13]. 
Table 2 System Generation Modes 
Generation Mode 1 (GM1): solar PV and wind produce 100% of the demand. STPP is offline (no electricity generated and 
plant is set to store energy if possible). There could be excess of energy from the FRs. 
Generation Mode 2 (GM2): solar PV and wind cover the demand partially and the uncovered demand is less than 30% of 
the nameplate capacity of the STPP. The STPP is online and running at its 30% minimum load, with energy coming from 
the SF and/or TES if available; otherwise the back-up gas burner provides the required heat. There could be excess of 
energy from STPP, whether ‘clean’ or from burning gas. 
Generation Mode 3 (GM3): solar PV and wind cover the demand partially and the uncovered demand is greater than 30% 
of the nameplate capacity of the STPP. The STPP is online and its load is regulated to meet the uncovered demand, with 
energy coming from the SF and/or TES if available; otherwise the back-up gas burner provides the required heat. 
Generation Mode 4 (GM4): no energy neither from solar PV nor wind. The STPP is online and its load is regulated to 
meet the demand, with energy is coming from the TES if available; else the back-up gas burner provides the required heat. 
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3. Thermodynamic Design and Modeling of Power Plants 
In order to be able to estimate the electricity generation from each technology and the influence of 
incorporating larger storage units into the STPP, a quasi-steady state model of the whole system has been 
elaborated using DYESOPT, an in-house tool, described in a previous work [14]. Firstly, the power plants 
for each technology in the system are designed in MATLAB based on a number of decision variables, 
giving the nominal steady-state performance of the plant. The nominal point data is then used to size the 
components in the TRNSYS studio [15] which, coupled with meteorological and demand data plus a 
specified operation strategy, allows prediction of the annual performance of the power plants. A time-step 
of 1 hour was used in the study; the same as the resolution of the meteorological and demand data. The 
results from the simulation are then combined with cost functions to provide the final thermoeconomic 
analysis of the whole system. In this particular study, the focus of the analysis is placed on the design of 
the STPP and the decision variables are thus the solar multiple (SM) and the TES capacity of the power 
plant, which were varied between 1 and 4 and from 0 to 24 hours respectively. Three objective functions 
were targeted: minimizing system costs, minimizing CO2 emissions and maximizing the share of 
renewable electricity generation in the system. These performance indicators are described in §4. 
3.1. Modeling of PV and Wind Power Systems  
The transient modeling of the solar PV modules was performed using TRNSYS Type 94a [10], with 
input specifications from China Sunenergy [16]; these PV modules are installed at the Lucainena de las 
Torres 21.5 MWe PV plant [17]. TRNSYS Type 94a is recommended for utility-scale grid-connected PV 
simulations and is based on the equivalent circuit method. The model extrapolates the results obtained for 
a single module to predict the performance of an entire multi-module array [10]. The desired installed 
capacity of PV for each scenario (see Table 1) was obtained by varying the number of installed modules. 
For the modeling of the wind power systems, the TRNSYS Type 90 was used together with a power 
characteristic curve obtained from [18] and component data from [19]. The model takes into account the 
impact of air density changes and the variation of wind speed with height. The 24MWe Valdivía wind 
farm was considered as a reference plant, consisting of 16 Acciona AW77-1500 wind turbines.  
3.2. Modeling of Storage-Integrated STPP Systems 
The power cycle in a typical molten-salt STPP is a reheat Rankine steam-cycle, with mass flow 
extractions for feed water preheating, and a nominal thermal efficiency of 44.5% [9]; similar to that 
achieved by contemporary European central tower STPPs. The model of the STPP calculates the power 
output of the steam cycle based on the conditions of the hot molten salts at the inlet to the steam-generator 
heat exchanger train, using components from the TRNSYS STEC library, as described in a previous work 
[20]. The power block parameters were updated with typical values for a solar tower STPP [9]. These 
TRNSYS components have been validated in previous studies for the transient modeling of Rankine 
cycles for STPPs [21]. Full details and equations governing such components are presented in [10].  
As stated in §3, the size of the SF and TES are determined based on the two input variables, i.e. the 
SM and the TES capacity. Within TRNSYS, the SF was modeled using STEC Types 394 and 395 for the 
heliostat field and central receiver respectively [15]. TRNSYS Type 394 uses an externally supplied 
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efficiency matrix which maps the solar position to a value of overall heliostat field efficiency. This matrix 
is determined using an in-house model, described in a previous work [14]. Similarly, TRNSYS Type 39 
variable volume tank was used to model both of the storage tanks of the TES system [10]. The flowsheet 
of the HTF cycle (the SF and TES), including the auxiliary gas burner, can be seen in Fig. 1, where the 
central receiver is denoted R, the hot and cold tanks HT and CT respectively, and the gas burner GB. 
The overall performance of the STPP is strongly influenced by the operating strategy, which consists 
of six operating modes OMs, as shown in Fig. 1 where the black solid lines represent the path followed 
by the HTF. These operating modes are strongly linked to the system generation modes (described in 
§2.3). This operating strategy was elaborated considering several key aspects: 
x The STPP should generate all the electricity required to satisfy the un-met demand. 
x When online, the STPP must always maintain output greater than 30% of its nameplate capacity.  
x Energy from the SF is preferred over that from the gas burner, which works as a back-up system. 
 
 
Fig. 1 HTF path in each STPP Operating Mode 
Regardless the OM the energy is input either from the SF or the GB (or both in series as shown in 
OM3) to the hot tank, which is discharged at a specified flow rate depending on the GM of the system. 
GMs 3 and 4 have discharging rates set so as to meet the demand, whereas during GM2 the discharging 
flow rate is fixed to meet the 30% of the STTP capacity. No discharge from the hot tank occurs in GM1.   
4. Performance Indicators for Thermoeconomic Analysis  
In order to measure the performance of the power generation system, three performance indicators 
were considered in this study. Firstly, the economic performance of the system is evaluated by means of 
the Levelized Generation Cost (LGC), calculated using Eq. 1, as a function of the investment costs Cinv 
for each technology, the annual fuel cost for the auxiliary burner Cf, the annual maintenance cost CO&M 
and the total electricity demand Dtot. PV and wind costs were obtained from IEA figures [12], whereas the 
STPP investment cost, Cinv_STPP, was calculated using a more detailed cost model [22], which takes into 
account the costs related to all the power plant equipment, as well as indirect project costs. The capital 
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return factor α was calculated using Eq. 2, where i stands for the real interest rate, n for the power plant 
lifetime and kins for the insurance rate, with values taken from the ECOSTAR report [23]. Similarly, the 
operation and maintenance costs of the system were estimated using information from same studies. The 
back-up fuel for the STPP is considered to be natural gas with a cost of 25.2 USD/MWh [12]. 
 > @   1&___  totMOfSTPPinvWindinvPVinv DCCCCCLGC D  (1) 
   > @ insnn kiii  1111D  (2) 
Two environmental performance indicators were considered, namely the specific CO2 emissions and 
the share of renewable electricity generation. The specific CO2 emissions (in kgCO2/MWhe) were obtained 
using Eq. 3. as a function of the quantity of fuel burnt annually Qf and the carbon content of the fuel cc, 
given as 230 kgCO2/MWhth. The share of renewable electricity generation, frenewables, can be defined as the 
fraction of the total electricity demand derived purely from renewable sources. This is expressed in Eq. 4, 
where ESol_STPP denotes the energy derived only from the SF in the STPP, i.e. excluding that from the gas 
burner. Similarly, the share of variable renewable generation (i.e. PV and wind) has been calculated for 
each scenario by means of same Eq. 4 but excluding ESol_STPP, the electricity generated from the STPP. 
1
2 )(
 totcfEmissions DcQCO  (3) 
    1_  totWindPVSTPPSolrenewables DEEEf  (4) 
5. Results from Thermoeconomic Analysis 
5.1. Maximizing the Share of Renewables  
Fig. 2 shows how the share of renewables in the system varies with the integration of TES and its 
impact on the LGC for each scenario. Additionally, the share of FRs is shown and optimal trade-off 
curves are identified. It can be seen that, regardless of the scenario, the integration of TES simultaneously 
increases the share of renewable electricity generation and the LGC of the system, as at current prices the 
cost of solar heat input from TES is more expensive than the back-up fuel. It is also noticeable that for 
each SM there exists an optimum TES size beyond which the LGC begins to increase asymptotically, 
implying that adding further TES is no longer justified. The LGC was approximately doubled when going 
from SM=1 and no TES up to SM=4 and 24 hours of TES, implying that the overall costs are greatly 
driven by the SF and TES equipment, which typically represent above 50% [24] of the total investment. 
The optimum trade-off curves (displayed in red) contain the designs that best satisfy minimizing the LGC 
for a given share of renewable generation. It can be seen that most of the designs on these curves are the 
optimum SM-TES size configurations, as discussed before. Furthermore, Fig. 2 shows that, for each 
scenario, the share of generation from FRs was less than the total percentage of installed capacity of these 
renewables. For instance, in scenario 1, the installed capacity of FRs represented 15% of the annual peak 
demand (Table 1), but the fraction of electricity generated by these renewables in the year barely 
exceeded 5 %. These results were expected due to the fact that none of the FR power plants operate at 
their nominal capacity on a continual basis. Comparing the results between the scenarios, it can be seen 
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that optimum system curves (in red) were found to become more LGC-asymptotic as the level of 
penetration of FRs increases. This results from the minimum turn-down of the STPP being fixed at 30% 
load, which was a limiting factor for achieving higher shares of renewables. This limitation is accentuated 
for the third scenario as there were more periods of time where the un-met demand was less than the 30% 
minimum turn-down of the STPP and overproduction of electricity occurred.  
 
 
Fig. 2 Trade-off between LGC and Share of Renewables for all scenarios 
 
 
Fig. 3 Global system integration results for Share of Renewables and LGC  
The optimal trade-off curves for the three scenarios are compared in Fig. 3, along with the results 
obtained when installing an equivalent natural-gas fired combined-cycle power plant (CCPP) to satisfy 
the un-met demand in the place of the STPP. For the CCPP calculations, cost figures were extracted from 
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[25] and the same 30% minimum load consideration. It can be seen in Fig. 3 that the cheapest solution for 
the system is to have a low level of integration of FRs and a CCPP, not a STPP. However, the integration 
of renewables and a STPP yields a more sustainable solution. Regardless the scenario, moving from a 
CCPP to a STPP with no TES was found to increase the LGC by approximately 30 USD/MWh, thus 
making it more justified in the 3rd scenario. Overall, the LGC trends are similar for the three scenarios. 
5.2. Minimizing the CO2 Emissions 
Fig. 4 shows the variation of specific CO2 emissions as a function of the STPP design, measured in 
terms of the TES size and SM, and its relation with the LGC for each of the scenarios. Again, the optimal 
configurations are highlighted, showing the designs that for a given level of CO2 emissions result in the 
lowest costs. For each SM there was found an optimum TES size best satisfying the two objectives. The 
potential reduction in CO2 emissions can be defined as the difference between the specific CO2 emissions 
yielded by a configuration with no TES and SM of 1 and one with 24 hours of TES and SM of 4. It can be 
seen in Fig. 4 that the potential reduction is larger for the case of low penetration of FRs. Once again, the 
minimum turn-down of the STPP was a limiting factor for achieving larger CO2 reductions for the case of 
high penetration of FRs. A solution for this could be to have several STPPs instead of a single large one. 
In this way the grid operator can define a strategy so that the minimum load of each plant is encountered 
less frequently. Likewise, another innovative option could be the use of a more flexible system such as a 
hybrid solar gas-turbine system with regenerative TES [26]. 
 
 
Fig. 4 Trade-off between LGC and Specific CO2 emissions for all scenarios 
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The optimal trade-off curves for the three scenarios are compared in Fig. 5, along with the results 
obtained when installing an equivalent natural-gas fired CCPP to satisfy the un-met demand in the place 
of the STPP. It can be seen that systems containing a CCPP were found to perform better economically 
and environmentally than those systems with STPPs with relatively small (or no) TES capacity. This 
phenomenon is due to the difference between the power block thermal efficiency in the two power plants. 
Whereas the nominal thermal efficiency for a CCPP is close to 60%, the STPPs were designed with a 
thermal efficiency of approximately 42%. The results show that for the cases studied, having a STPP with 
auxiliary heater is only justifiable if relatively large TES capacities are integrated into the STPP, which is 
then able to significantly decrease the CO2 emissions. Once again, the results highlight the need to 
decrease the costs of the solar equipment in order to make the technology economically competitive. 
 
 
Fig. 5 Global system integration results for Specific CO2 emissions and LGC 
6. Conclusions 
A thermoeconomic analysis was performed concerning the design of a STPP to fulfill the demand in 
markets with high penetration of variable renewables. Results showed that, independently of the 
meteorological conditions, STPPs with TES and a back-up burner are able to shift production from times 
of high solar input to times when the electricity is needed, allowing them to generate electricity during 
periods of low or zero output from the PV and wind systems. It was shown that, although increasing the 
total electricity costs of the system, the integration of TES is justified on the basis that it reduces the 
specific CO2 emissions whilst increasing the share of electricity generated from renewable resources. 
It was also demonstrated that the flexibility in operation of the STPP has a great influence on the final 
results. The minimum turn-down of the STPP, fixed at 30% load, was a limiting factor for achieving 
higher shares of renewables and less CO2 emissions. This limitation was accentuated for the third 
scenario as there were more periods where the un-met demand was less than that of the 30% capacity of 
the STPP, and overproduction of electricity occurred. In the assessment of such limitation, two viable 
recommendations were introduced in this work. The first is to have more than a single STPP so that the 
grid operators can decide the number of plants that should be online based on the remaining demand. The 
second is to replace the molten salt solar tower STPP with another technology with increased flexibility 
such as a hybridized solar gas turbine system with regenerative TES. However, as both of these solutions 
will increase the costs, similar studies are needed to address until which extend they could be justified. 
The study demonstrates that, irrespective the level of penetration of FRs, having a STPP can only be 
justified if large TES units are integrated so as to reach high shares of renewable generation and low CO2 
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emissions. When compared against an equivalent CCPP, STPPs with small TES units were found to 
perform worse from both economic and environmental standpoints. This is a consequence of the 
difference in thermal efficiency between the power blocks, as the CCPP has a higher efficiency that the 
STPP. Finally, regarding the economic performance, the study shows that under current cost estimates, 
increasing the SF and TES would lead to double the electricity costs, which highlights the need for 
reducing the costs of the solar components in STPPs in order to make the technology more competitive. 
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